Abstract. The occurrence of intense shear band is a prelude to failure in many Al-sheet materials. In the present study, a full field optical system measurement technique (digital image correlation) and the finite element method are used to characterize the sequence of deformation in uniaxial tension before and after the intense shear band formation in AA6111-T4. The results indicate good agreement between the measurement and the predictions in terms of shear band width, strain distribution along the gauge length and the failure mode.
Introduction
For aluminum alloy sheet under uniaxial loading, the formation of intense shear band, as shown in Figure 1 , is usually observed when the ratio of specimen width to thickness is greater than 6. The occurrence of localization is a prelude to failure and it is also an important criterion for the determination of forming limit strain. A hemispherical dome stretching test is often used for the determination of forming limit diagram (FLD). In this test, specimen with different width and lubrication conditions are tested up to the onset of a localized neck (Fig. 2) . The forming limit strains are determined from the nearest grids to the localized deformation zone as indicated in Fig. 2 . To avoid the tedious and time-consuming experimental procedure, many attempts have been made for the prediction of the FLD, including the well known M-K approach [1] . The M-K approach is based on an assumption of existence of an inhomogeneity through the thickness of the sheet. Many studies have found out that the M-K method is very sensitive to the yield function and the amount of inhomogeneity.
Fig. 2. Limit dome height tests used to determine the forming limit diagram
For most ductile Al and steel sheet materials under uniaxial tension, the following sequence of deformation is usually observed: uniform elongation, diffuse necking, localized necking, void nucleation and coalescence, and failure. A recent study by the present authors indicate clearly that damage in the form of void nucleation and growth starts only after the formation of intense shear band [2] . In other words, localization can occur without the presence of any damage. Thus, a physically sound FE model for the prediction of shear localization need not be built by employing a damage-based constitutive law.
In the present paper, the localization phenomenon during uniaxial tension test is experimentally and numerically studied because of its simplicity. Images of the deforming gauge length of the tensile specimen are continuously recorded by a digital camera. The recorded images are then processed using digital image correlation technique [3] . The measured strains are finally compared with the predicted values from a FE model which employs von Mises yield criterion and isotropic hardening rule. The predicted failure mode is also compared with experimental observations. The Oyane damage criterion [4] is used in the FE to initiate the fracture process.
Experimental
The sheet material studied in the present paper was an automotive Al alloy, AA6111-T4 at a gauge of 0.92 mm. AA6111-T4 has the following nominal compostions: 0.7%Mg, 0.66%Mn, 0.06%Fe, 0.69%Cu, and balance of Aluminum. The geometry of the tensile test specimen is shown in Fig. 3 To validate the calculated strain distribution from FE modeling, a non-contact strain mapping system, ARAMIS ® , is used to measure the surface deformation. This system is based on the digital image correlation techniques. A total of 163 images were recorded at a frequency of 3s per image from the ARAMIS ® system. The critical parameters used in data processing are multi-facet matching, global calculation of deformation, and two facet sizes: 9x9 and 15x15 pixels. 
Finite element model
A general purpose finite element program, MSC.Marc2005, was used as the analysis tool. A plane stress model was utilized. To initiate the occurrence of shear localization in the FE model, two separate inhomogeneities corresponding to major textural components are considered. Cube and Goss textural components in AA6111-T4 are treated as soft & hard inhomogeneities, respectively. These materials are assumed to posses the same working hardening rate but with different yield stresses. The remaining material is called the matrix material, an imaginary of random texture. These inhomogeneities are randomly distributed in the present FE model.
Ductile fracture criterion
The Oyane fracture criterion is selected for its consideration of both the stress triaxiality ( σ σ m ) and equivalent strain ε . Most importantly, the contribution of each factor on the fracture initiation and development can be weighted through the constant B, as shown below:
where f ε is the equivalent strain at which the fracture occurs, m σ is the hydrostatic stress, and B and C are constants. During simulation, it is assumed that fracture occurs when the critical value of C is reached. To visualize the fracture process, the element deletion technique was applied. In other words, the contribution of particle elemental stiffness is deactivated during the assembly of global stiffness matrix once the averaged damage value exceeds the critical C value. The critical damage parameters used in the following study are B=0, C=0.8.
Results and discussion
Fig. 4a and 4b present the FE predictions for the distribution of total equivalent plastic strain (TEPS) and equivalent plastic strain rate respectively at a crosshead displacement of 8.01 mm. The maximum TEPS in Fig. 5a is about 0.57. The average strain rate of 0.03 s -1 within the shear band at this deformation stage is about 50 times of the applied nominal strain rate. For the measurement of the intense shear band width, a plot of the plastic strain rate versus position exhibits sharp edges since the occurrence of localization is usually understood due to the loading and unloading [5] . The plastic strain rate is normally zero in the region where unloading prevails. This means that, outside of the intense shear band, the plastic strain does not change during the following deformation but the stress drops due to unloading (the material is still elastically loaded). The predicted shear band angle to the 5 and 6 show the measured equivalent Mises strain from the ARAMIS ® optical measurement system at two deformation stages and using different two facet sizes when processing the digital images. It can be seen that at the crosshead displacement of 0.85 mm, a banded distribution pattern of equivalent strain is illustrated in both figures. The difference is negligible. When intense shear band occurs, the measured strain from the ARAMIS ® system is significantly affected by the facet size used in the image processing. The peak strain increased from 0.42 to 0.52 when the facet size decreased from 15x15 pixels to 9x9 pixels while all other parameters were kept the same during the image processing. Fig. 7 systematically compares the influence of facet size on the calculated equivalent strain profiles along the specimen center line. There is little difference in the strain profiles before the crosshead displacement of 7 mm (before the occurrence of diffuse necking). The major difference comes after the occurrence of shear localization. The smaller the facet size, the higher is the peak strain calculated and the thinner is the shear band width. This is very similar to the mesh size dependence in the FE analyses used to predict shear localization. To overcome this mesh size dependence in the FE modeling, various methods or theories have been proposed, for example non-local plasticity in [6] . Since the measured strain based on digital correlation technique also show a strong 'mesh size dependence', it would be a good practice to use the same mesh size for the comparison between FE prediction and strain measurement. a sharp strain increase in the intense shear bands after the localization, and (2) before the crosshead displacement of 7.5 mm, the strain distribution in the flat part of the specimen is almost the same. Due to the existence of realistic inhomogeneities, there are serrations in both the predicted and measured strain profiles. The magnitude of these serrations are less than 0.03 in both the model and experimental data.
From Fig. 8 , it can also be seen that the peak strain from ARAMIS ® is still smaller than that from FE prediction. To understand this problem, the image before testing as shown in Fig. 9 is analyzed. Although high resolution camera is used during image recording, due to the large specimen length/width ratio and moving deformation window, the actual pixels covering the displayed specimen region (an area of 12.6 mm in width by 35.8 mm in length) is only limited to 360 x 1024 pixels. For the facet size of 9 x 9 pixels, the corresponding facet size in millimeter is 0.315 mm, much larger than finite element mesh size of 0.2 mm in the flat region. If the facet size could be further reduced or more pixels could be used to represent specimen, it would expect that a better agreement between FE prediction and measurement will be found. However, it is not feasible to further reduce the facet size in the measurement but quite easy to change the mesh size in the FE calculation. To prove the above speculation, a new FE analysis with an element size of 0.3 mm is used. It can be expected that the predicted peak strain using 0.3 mm mesh size should be less than the peak strain by using 0.2 mm element size, but close to the measured strain value by the use of 9x9 pixel facet size. The predicted distribution of TEPS in Figure 10 clearly indicates the peak strain of 0.49, slightly below the measurement of 0.52, but significantly smaller than the prediction of 0.57 using 0.2 mm element size. All above discussion indicate one conclusion: when the element size in FE modeling is close to facet size in ARAMIS ® , the predicted strain pattern and magnitude are in line with measurements. Fig. 11a and 11b shows a comparison of experimentally observed failure and the FE prediction based on Oyane fracture criterion. The angles at failure are around 66 o in both cases. However, they differ from those obtained earlier presented in Fig. 4b . This is understood because of the rotation during the damage process.
Conclusions
The combination of FE modeling and the surface strain measurement from the ARAMIS ® has been proved to be an effective way to study the localization phenomenon encountered during the uniaxial tension of aluminum sheet alloys. This method can also be applied to other deformation modes such as plane strain and balanced biaxial deformation, making it possible to establish a new methodology for the prediction of forming limit diagram. Both the measurement and the prediction has shown a stronger mesh size dependence.
